Hybridization, especially where only variant natural lignocelluloses are combined, is fast receiving encouraging attention because it offers a range of properties that may be difficult to obtain with a single kind of reinforcement. In this study, tensile, flexural, and impact properties of hybridized kenaf/PALF-reinforced HDPE composite were studied. Sheets from which tensile, flexural, and impact specimens were cut out were produced from the compression molding of composite pellets and subsequently conditioned in an oven for 21 h at 103 C. The tensile and flexural specimens were tested according to ASTM D638 and ASTM D790 using a 5-kN INSTRON bluehill universal testing machine accordingly. While a notched Izoid impact test was conducted using a 1-J universal pendulum according to ASTM D256. All specimens were prepared at a fiber ratio of 1:1 kenaf:PALF and fiber lengths of 0.25, 0.5, 0.75, and 2 mm; fiber loadings of between 10% and 70% were utilized for the study. About 0.25 mm fiber showed the best tensile and flexural properties with a linear increase in properties up to 60% fiber loading while impact strength showed better property with 0.75 and 2 mm fiber lengths. At 0.25 mm fiber length, tensile strength of 32.24 MPa, flexural strength and modulus of 34.01 MPa and 4114.11 MPa, respectively, were observed at 60% fiber loading. Moduli results of all the composites formulated generally obeyed the ROM. SEM was used to examine the surface of composites produced. Tensile and impact strengths result showed inverse proportionality while flexural strength of the composite generally adhered to the ROM. However, a positive effect was observed in the case of composite's impact strength in respect of increasing fiber length. Thus, reduction in some mechanical properties of the composite with respect to increasing fiber length is attributed more to fiber entanglement rather than attrition.
Introduction
Ecological advantages of using natural fibers instead of man-made fibers have necessitated the paradigm shift in manufacturing and processing of reinforced composites. Scholars have been seeking ways to replace or at least reduce the use of synthetic fibers for decades now.
Hybridization, especially where only variant natural lignocelluloses are combined, is fast receiving encouraging attention because it offers a range of properties that is quite difficult to obtain with a single kind of reinforcement. The type of matrix used, proper interaction of the matrix with the fiber(s), and the reinforcement is strongly linked to good mechanical performance in composites. Because of various uses of composites in both structural and non-structural applications, combining two or more different fibers that can offer competitive advantage in service is much desired. There has been a renewed interest in finding cost-effective use of natural fiber-reinforced composite. [1] [2] [3] Work has been done by various scholars on the effect of fiber length and fiber loading on the mechanical performance of both wholly synthetic hybrid natural fiber composite and natural ones, 4, 5 most showing some improvement in properties by increasing the variables under consideration. A review recently conducted on polyolefin in combination with kenaf also showed this valuable information. 6 Natural fibers have already been accepted for their role in composite formulation and can be competitively utilized for the development of environmental friendly materials with desired physical properties. 7 In hybridization, it is important though to make use of straincompatible fibers so that catastrophic failure can be avoided. Failure of one fiber before the other will automatically transfer the whole load on the other fiber which obviously will not be able to withstand the sudden increase in load; it is therefore worthy of note that the strength of composite be governed by the fiber component having the smallest elongation at break.
Experimental

Materials
Pineapple leaf (Ananas comosus) bought from Kraftangan Malaysia with source from Johor pineapple plantation, and kenaf (Hibiscus cannabinus) of variety V36, purchased from KEFI Malaysia Sdn. Bhd. were utilized in this research. These fibers were reinforced with high-density polyethylene (HDPE) which is also purchased from KEFI Malaysia. The properties of HDPE used are given in Table 1 .
Preparation of composite
Kenaf fiber and pineapple leaf fiber (PALF) at a ratio of 1:1 and fiber lengths of 0.25, 0.5, 0.75, and 2 mm were utilized for this experiment. Each of the sized fiber was carefully and thoroughly mixed together in a Thermo Haake internal mixer at a fiber-to-matrix ratio of 10:90 to the point where mechanical property showed decline in the composite. The Thermo Haake Polydrive machine was preheated and set at 190 C and 40-rpm processing speed. The HDPE in the form of pellets was charged at that temperature and allowed to stabilize (melt) before introducing the fibers. The total time used for mixing the hybrid composite was 25 min. The mixed composite obtained from the internal mixer was cut into pellet for compression molding operation. Sheets for tensile and flexural specimens of 150 Â 150 Â 1 mm 3 and 150 Â 150 Â 3 mm 3 , respectively, were produced in the compression molding machine. The compression molding machine was set at 170 C; 7 min of preheat, 5 min of full press, six times venting process, and 5 min of cooling. Thereafter, a dog-bone shaped specimen of 10 Â 1.5 Â 1 mm 3 , rectangular specimens of 60 Â 15 Â 3.2 mm 3 , and 150 Â 15 Â 3 mm 3 were cut out for tensile, impact, and flexural tests accordingly using a pneumatic tensile sample cutter and a powered-saw, respectively; the impact samples were subsequently notched.
Mechanical testing
Tensile and flexural measurements of the hybrid composite samples were conducted using a 5-kN Bluehill INSTRON universal testing machine according to ASTM D638 and ASTM D790 as test conditions. In this study, 2 mm/min crosshead speed was used for the tensile specimen while flexural specimen had 
Results and discussion
A mechanical test was carried out on the sample to see the effect of fiber size and fiber loading on the mechanical properties of the hybridized composite. It is worthy of note that in hybrid composite, its properties is basically dependent on the modulus and percentage elongation at break of the individual reinforcing fibers. The following result was obtained from the experiment. This reduction continued up to 30% fiber content before its sudden rise at 40% loading which then continued up to 60% loading in the case of 0.25 mm fiber size before its decline at 70% loading to 24.93 MPa. It can be said here that proper reinforcement started after 30% loading. At higher temperature, tensile strength and strain can reduce due to agglomeration of component in the composites during the mixing process and on the other hand, at higher viscosity, non-homogeneous distribution of fibers during mixing can be experienced which can result to fall in tensile strength and strain of composites. 8, 9 The increase in properties from 40% up to 60% fiber loading means proper interaction between the fibers and matrix that helped in the transfer of load from the latter to the former. However, in the case of 0.5 mm fiber, the property seems to have reached a plateau at 50% loading, while 0.75 and 2 mm fibers gave optimum tensile strength at 40% fiber loading. This could have been caused by fiber agglomeration thereby preventing the penetration of matrix to every part of the composite, which resulted in the inability of the matrix to fully transfer load after 40% fiber loading in this case. However, linear increase according to the rule of mixture (ROM) was observed in all fiber sizes in the case of composite's moduli, as can be seen in Figure 2 .
Tensile strength of composite
In this study, 0.25 mm fiber showed clear positive difference in ROM because smaller size fibers can quite easily interact with its compounding matrix than longer ones. The tensile strength results obtained from all the different fiber lengths used show considerably close pace of failure because hybrid exhibits a progressive mode of failure pointing to the facts that they are tougher than single fiber composites, as a result of this, the study carried out by Ref. 10 pointed clearly that hybridization is a cost-effective venture. Figure 3 shows the tensile breakage point of the composite at 50% fiber loading. Even though evidence of fiber pullout is seen, the adherence of the matrix to the fiber is still good and the nature of pullout is a clear evidence of strong bonding. This result does not fully confirm to what Arbelaiz et al. 11 obtained where they said that the tensile strength of unmodified natural fiber composite tends to decrease with fiber loading. Other authors also observed a similar trend. [12] [13] [14] Even though there is a fall in tensile strength up to 30% fiber loading, improvement in tensile strength started at 40% fiber loading up to 60% in the case of 0.25 mm size. Improvement in tensile properties obtained in this experiment must have been caused by a positive hybridization effect achieved through the combination of strain compatible fibers. PALFs have quite high cellulose content, which might have served as a natural compatibilizer to the composite and subsequent increase in mechanical properties. More so, mechanical properties of composite are immensely influenced by the adhesion that results between the fiber and matrix. It is widely known that in the absence of treatment, an embedded natural fiber in a polymer matrix generates unstable interfaces that hinder the relaxed transfer of stresses from the polymer to the fiber in the composite during operation.
Flexural result of composites
Result obtained here generally showed the adherence to ROM in both strength and modulus (Figures 4 and 5). Optimum flexural strength of 34.44 MPa was obtained at 20% fiber loading and 0.25 mm fiber size. However, gradual rise was observed after 30% loading to an increase of 34.01 MPa at 60% loading. This result showed similar pattern to what was obtained by Ö zturk. 15 Scanning electron micrography (SEM) image in Figure 6 clearly shows the extent of intermingling of the composite, the adequate dispersion of the matrix which gave good distribution and the resulting encouraging transfer of stress to the fibers even at 50% loading which gave rise to further increase in properties beyond 50% fiber loading. This result subsequently fell at 70% loading to 24.95 MPa. ROM was followed in subsequent fiber sizes especially at 2 mm fiber size. However, unlike in tensile test result, property dropped after 50% loading in other fiber sizes. This further goes to prove the compatibility of the fibers used and the synergistic effect achieved in this formulation. Here also, increase in fiber size did not show significant increase in properties. In fact, it seems flexural property is inversely proportionate with fiber size.
As expected, result of modulus showed direct proportionality as in ROM for all the composites even though at 0.25 mm fiber size, there seems to be a drop of property at 30% which again linearly increased from 40% up to 60% loading as a result of adequate interaction and subsequent synergistic effect. Inadequate interaction of fiber and matrix in the case of the longer fibers again did not allow significant increase in flexural strength above 40% fiber loading.
Compounding at 70% loading was easy for 0.25 mm size, unlike in longer fibers because of difficulty in charging and mixing the composite in the internal mixer, and the foreseen problem of agglomeration. Reduction in mechanical properties with increase in fiber loading can sometimes be connected to the reduction in fiber aspect ratios. Usually, it is affected by mechanical processing which consequently affects the mechanical properties of the resulting composite especially with increase in fiber length. 16 The studies carried out by Refs. 17, 18 reported that processing composites in an internal mixer and injection machine can contribute to high fiber attrition owing to the considerably high shear stress acting on the viscous polymer 19 and fibers can be broken into smaller ones when the hydrodynamic forces acting exceeds the fiber strength. 18 The weak links and kink bands can serve as natural and artificial flaws in natural fiber which can be the most expected rupture points along the fiber length when it is mechanically stressed. 17, 20 However, as will be seen later, this assertion does not concur with the result obtained in impact strength of this composite prepared under same condition.
Most of the fractographs examined in this experiment has shown some good level of adhesion between the fiber and matrix that have given rise to nearly good properties commensurate to the varying fiber size and fiber loading. Even though high aspect ratio meant higher mechanical properties, agglomeration of fibers must have affected the result obtained in the case of 2 mm fibers. That is why hand layup of longer fibers before compression molding tends to give a much higher mechanical properties if adequate attention is given to strain compatibility of combining fibers and the proper penetration of matrix into the fibers. In this study, 50% loading showed decline in properties because of the difficulty that longer fibers have in the full dispersion of matrix through it. Figure 7 highlights the insufficient dispersion of matrix and subsequent difficulty in proper interaction with the reinforcing fibers. This results in the dwindling of properties at this economical loading for longer fibers, although the reduction is not so sharp and drastic. 
Impact strength of composite
The impact test result obtained is quite interesting and goes opposite to the ROM (Figure 8 ). This is because the impact strength of composite is dependent upon many factors which include toughness of the reinforcing material, frictional force that is involved during fiber pullout, and the fiber's interfacial bonding strength. 21 Unlike in tensile and flexural results, impact result has virtually shown that increase in fiber length has a positive effect on impact strength of composite even though it was subjected to same compounding inside an internal mixer. However, increase in fiber loading showed reduction in strength of the composite. This could have been because of some reasons that were pointed out by Wambua et al. 21 There is a significant increase in the impact strength of the composite with increase in fiber length especially at 10% fiber loading. Although at low fiber loading, fibers generally served as flaws in the composite, quite good transfer of load from the matrix to the fiber at 0.75 and 2 mm is clearly seen; effect of fiber entanglement could also be seen at these lengths.
Optimum impact strength for the composite in loading was achieved at only 10% for all fiber sizes. The results were not consistent in dropping as seen in 2 mm fiber size; however, it seems at 50% fiber loading, 0.25 and 0.5 mm fiber sizes showed some level of rise in property again. This was possible because at that loading, there appears to be some ease in load transfer to the fiber due to the ability of the matrix to be re-dispersed well in the composite. Insufficient wetting then creeped in after the 50% loading which brought down the property. Problem of matrix dispersion and agglomeration could not allow rise in property at this loading for 0.75 and 2 mm, rather, 0.75 mm showed a little sign of rise at 40% loading while impact strength at 2 mm decline all the way, i.e., inverse proportionality relationship in strength to fiber loading. It is therefore interesting to conclude here that the longer the fiber length, the lower the loading required to achieve higher strength in composite mainly because of the inability of the matrix to be well dispersed in the composite and therefore bring about transfer of load to the fiber. Attrition could have also affected the composite at higher loading. As outlined earlier, viscosity must have increased at higher loading which may have eroded the fiber aspect ratio.
Conclusion
Tensile, flexural, and impact strengths of hybridized kenaf/PALF HDPE-reinforced composite were studied by considering varying fiber sizes of 0.25, 0.5, 0.75, and 2 mm lengths under varying loading conditions of 10-70% depending on when the tensile strength of each fiber size fell. In this study, 0.25 mm fiber size showed ease of load transfer between 40% and 60% loadings. However, in the case of 0.5 mm fiber, the property seems to have reached its plateau at 50% loading, while 0.75 and 2 mm fibers gave optimum tensile strength at 40% fiber loading. ROM was observed in the moduli of all composites formulated in this experiment, tensile and impact strengths showed inverse proportionality while flexural strength of the composite generally adhered to the ROM. Most of the micrographs examined in this experiment showed some good level of adhesion between the fiber and matrix, which has given rise to nearly good properties commensurate to the varying fiber size and fiber loading. Hybridization effect was clearly observed in this study due to the synergistic relationship witnessed between the fibers used. As was observed by many authors, processing composites in an internal mixer and injection machine can contribute to high fiber attrition owing to the considerably high shear stress acting on the viscous polymer with a reduction in its aspect ratio when the hydrodynamic forces acting exceeds the fiber strength. Furthermore, the weak links and kink bands can serve as natural and artificial flaws in natural fiber, which can be the most expected rupture points along the fiber length when it is mechanically stressed. However, fiber treatment and matrix modification could reduce these problems. Increasing the fiber length did not show proportionate improvement in tensile and flexural properties which could have been caused by fiber agglomeration. Nevertheless, some positive effect was observed in the case of composite's impact strength. Fiber attrition looks less likely the cause of fall in mechanical properties during internal mixing, while fiber agglomeration looks the most likely cause.
